Bilateral sectioning of the esophageal nerves that innervate the gut of Aplysia was found to have profound effect on response decrement to inedible food: Time to criterion for cessation of feeding was elevated, no memory of the decrement was present 24 hr after training, and motor patterning during training was altered. The parametric features of response decrement to sustained lip stimulation were examined to determine their resemblance to parameters of response decrement to inedible food after esophageal nerve sectioning. Parameters of response decrement were similar, indicating that after esophageal nerve sectioning response decrement is likely to be the result of sustained lip stimulation. Bilateral nerve sectioning had no effect on decrement due to sustained lip stimulation. Unilateral lesions and lesions of either of the two major divisions of the esophageal nerves had no effect on learning that food was inedible. The data indicate that bilateral nerve sectioning eliminates all stimuli causing negative reinforcment of feeding due to failure to consume food. Based on the data in this and the previous paper, a model is presented suggesting sites of action and mechanisms for learning that foods are edible or inedible in Aplysiu.
Bilateral sectioning of the esophageal nerves that innervate the gut of Aplysia was found to have profound effect on response decrement to inedible food: Time to criterion for cessation of feeding was elevated, no memory of the decrement was present 24 hr after training, and motor patterning during training was altered. The parametric features of response decrement to sustained lip stimulation were examined to determine their resemblance to parameters of response decrement to inedible food after esophageal nerve sectioning. Parameters of response decrement were similar, indicating that after esophageal nerve sectioning response decrement is likely to be the result of sustained lip stimulation. Bilateral nerve sectioning had no effect on decrement due to sustained lip stimulation. Unilateral lesions and lesions of either of the two major divisions of the esophageal nerves had no effect on learning that food was inedible. The data indicate that bilateral nerve sectioning eliminates all stimuli causing negative reinforcment of feeding due to failure to consume food. Based on the data in this and the previous paper, a model is presented suggesting sites of action and mechanisms for learning that foods are edible or inedible in Aplysiu.
An important problem in neuroscience is determining the relationship between mechanisms underlying different forms of plasticity affecting the same efferent pathway. The present paper examines the relationship between two types of plasticity causing inhibition of feeding in Aplysia: decrement due to learning that a food is inedible and decrement caused by sustained stimulation of the lips with food (presumably due to sensory adaptation or habituation).
In the preceding paper (Susswein et al., 1986) , data were presented indicating that the reinforcing consequences of feeding behavior affect subsequent responsiveness to food. Successful consumption of food acts as a positive reinforcer of feeding, while failed attempts to consume food act as negative reinforcers. Potentially, any of a number of stimuli could signal Aplysia as to whether they have succeeded in consuming food. These stimuli could be carried into the CNS via afferents traveling in a number of peripheral nerves. In a preliminary report (Schwarz and Susswein, 1984) , we presented data suggesting that the esophageal nerves innervating the gut carry afferents that inform the CNS about whether food has been consumed; these afferents are necessary for reinforcement of feeding. When gut inputs that reinforce feeding are not activated, decreased feeding occurs because of other processes. The present paper examines this hypothesis in greater detail. The parametric features of inhibiReceived Apr. 1, 1985; revised July 2, 1985; accepted July 3, 1985. We would like to thank Irvine Kuofermann and Jeffrev Camhi for comments on an earlier version of the ma&c&t. This work was supported in part by Israel Institute for Psychobiology, Charles E. Smith Family Foundation Grant 7/84.
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Copyright 0 1986 Society for Neuroscience 0270-6474/86/051528-09$02.00/O tion of feeding were determined in animals in which the esophageal nerves were cut to determine whether such treatment specifically eliminates the inhibition of feeding that depends on negative reinforcement, while leaving unaffected processes that do not depend on reinforcement, such as feeding inhibition caused by sustained lip stimulation. Three such parameters were examined: (1) the time to criterion to cease responding to food;
(2) the persistence ofthis response decrement; and (3) the pattern of the response decrement.
The data presented below indicate that inhibition of feeding due to sustained lip stimulation is unaffected by denervation of the gut, while inhibition due to learning that food is inedible is severely affected. After denervation of the gut, all behavioral changes during training can be attributed to feeding inhibition arising from sustained lip stimulation.
Data are also presented indicating that both major branches of the esophageal nerves bilaterally carry inputs that can produce reinforcement of feeding.
Materials and Methods
Procedures and sites for obtaining, storing, and training Aplysia have been described in the previous paper (Susswein et al., 1986) . Experiments were performed at the same time as those reported in the previous paper but on different animals.
Sustained lip stimulation
In experiments in which the effects of sustained lip stimulation were examined, netted U/vu was touched to the lips, producing a bite. Food was withdrawn at the response and, consequently, did not enter the buccal cavity and elicit swallowing. This procedure was continued until animals stopped responding to food. The criterion for cessation of responses was the same as that in experiments on learned changes in feeding behavior (Susswein et al., 1986) -one response in a 3 min period.
Surgical procedures
Surgical techniques were similar to those of Kupfermann (1974b) . Aplysia were anesthetized by injecting isotonic MgCl, (25-35% of body weight) into the hemocoel. Animals were then pinned through the tail and tentacles ventral side up to the waxed bottom of a dissecting pan that was set at an angle, with the head upward. A cut just below the rostra1 edge of the foot exposed the buccal ganglia. In sham-operated animals, the esophageal nerves were exposed and the ganglion manipulated. After manipulation or sectioning of the appropriate nerves, the body wall was closed with 6-O surgical silk thread (Teva Pharmaceuticals, Israel). All behavioral procedures were performed 1 week after surgery. After the behavioral procedure, animals were dissected, and the stumps of the cut nerves were identified to confirm the surgical procedures.
Anatomy of the esophageal nerves The anatomy of the esophageal nerves was investigated in Aplysia californica (Pacific Biomarine, Venice, CA) by staining with methylene blue intravitam according to the method of Pantin (1946) . This solution was perfused through the circulatory system of Aplysia by simultaneously cannulating the anterior aorta and the gastrointestinal artery, both of which send branches to the gut. In unstained material, the esophageal nerves in A.fasciata and A. oculifea were found to be similar in all respects to those of A. californica.
Results
Effects of nerve section on learning that food is inedible
To determine whether bilateral sectioning of the esophageal nerves affects learning that a food is inedible, the esophageal nerves of A. fasciata and oculifera were bilaterally cut. A week after surgery, these animals were fed inedible netted Ulva, allowing the food to enter the mouth and elicit failed attempts to swallow the food. The time to cessation of responsiveness to food was determined. Animals were run in a blind procedure along with sham-operated controls.
Time to criterion Figure 1 shows the time to cessation of feeding on inedible netted Ulva. Time to criterion was over twice as long as in shamoperated animals in both species of Aplysia (for A. oculifera: p <O.OOl,t=4.15,df= lO;forA.fasciata:p < O.Ol,t =4.04, df = 8; two-tailed t test). Time to criterion was similar to that when the response decrement was due to sustained lip stimulation (see below, Fig. 6 ). The data indicate that in esophageal nerve-sectioned animals time to criterion is more easily explained as resulting from processes that terminate feeding after sustained lip stimulation than from the pairing of feeding with negative reinforcement.
Memory of trhning
To test the effects of bilateral nerve sectioning on memory, six A. fasciata were trained on inedible netted Ulva for 2 consec- utive days a week after the esophageal nerves were cut; nine sham-operated controls were run along with these animals in a blind procedure. Figure 2 shows that retraining denervated animals 24 hr after the initial training does not produce savings in time to criterion (0.5 < p < 0.9, t = 0.64, df = 5; paired t test). In both the initial and second training sessions, time to criterion was comparable to that observed during sustained stimulation of the lips, when food does not enter the buccal cavity. By contrast, retraining sham-operated animals produced clear savings in time to stop responding (p < 0.0 1, t = 5.0, df= 8), similar to that previously reported in intact animals (Susswein et al., 1986) .
Pattern of response decrement Figure 3A illustrates the pattern of responses observed during training with inedible netted Ulva in A. fasciata in which the esophageal nerves were bilaterally sectioned. Comparable data for A. oculifera have been presented previously (Schwarz and Susswein, 1984) . The data indicate that feeding responses leading to entry of food and subsequent swallowing occur throughout most of the training session. Figure 3B shows the pattern of responses in sham-operated controls. Similar to the pattern observed in intact animals (Susswein et al., 1986) , feeding responses become ineffective as training progresses; when food does enter the buccal cavity, it remains there for a shorter time.
To quantify these effects, the time to criterion was divided into 10 equal time periods, and for each animal the percentage of effective feeding responses was calculated for each period throughout training sessions. In animals whose nerves were cut, there was no tendency for progressive increase in responses that fail to lead to food entry (Fig. 4) . Rate of successful responses was not significantly affected by the training procedure (for A. oculifera: 0.25 < p < 0.50, H' = 9.03, df = 9; for A. fasciata: 0.1 < p < 0.25, H' = 13.7, df = 9; Kruskal-Wallis ranked "oneway analysis of variance"). By contrast, in sham-operated controls, the pattern of the response decrement was similar to that previously observed in nonoperated animals (Susswein et al., 1986) . Similar to previous results in intact animals, a significant decrease was observed in the percentage of effective feeding responses that occurred during training (for A. oculifera: p < 0.025, H' = 21.0, df = 9; for A. fasciata: p < 0.05, H' = 17.9, df = 9; Kruskal-Wallis ranked one-way analysis of variance). The time food remained in the buccal cavity was also measured. The effects of training on this parameter are particularly evident toward the end of a training session (Susswein et al., 1986) . Figure 5 shows the percentage of time that food remained in the buccal cavity during the second half of the training session in animals with bilaterally cut esophageal nerves and in shamoperated controls. This value was higher in denervated animals (p < 0.001, t = 5.63, df= 10 for A. oculijka; p < 0.05, t = 2.23, df = 17 for A. fasciata; two-tailed t test).
Parameters of sustained lip stimulation The data presented above suggest that stimuli informing Aplysia about whether food has been successfully consumed reach the CNS via the esophageal nerves, and that bilateral section of these nerves abolishes the ability to learn that food is inedible. If this hypothesis is correct, the question arises as to why animals nonetheless stop responding to inedible food after the esophageal nerves are severed. The most likely explanation is that this cessation of feeding is due to sensory adaptation or habituation or to other processes initiated by extended stimulation of the lips. To determine whether sustained lip stimulation accounts for the cessation of feeding after the esophageal nerves have been sectioned, we examined a number of feeding parameters that are affected in intact animals whose lips are stimulated for extended periods of time. We examined whether parameters of the decrement were similar to those of the response decrement to inedible food observed after the esophageal nerves were sectioned.
In these experiments, food stimulated the lips but was withdrawn when the animal responsed, preventing food entry into the buccal cavity. Other than briefly withdrawing the food at the response, the lips were tonically stimulated continuously, and Aplysia attempted to bite, until they eventually stopped responding.
Time to criterion and memory Figure 6 shows the time to criterion to stop responding to netted Ulva in a group of five A. fhsciata whose lips were stimulated in two training sessions 24 hr apart. No decrease in time to criterion occurred during the second session (p > 0.4, t = 0.82; paired t test): Time to criterion on both days was similar to that observed when esophageal-sectioned animals were trained on inedible food (see Figs. 1 and 2 ). Figure I shows a pen recording of a session in which a single A. fasciata was stimulated with netted Ulva; food was withdrawn when the animal responsed, restricting the stimulus to the lips. Unlike the response pattern during training on inedible food (Susswein et al., 1986) , in which clear behavioral changes were observed well before cessation of feeding, the feeding response to food stimuli restricted to the lips was relatively unchanged until close to cessation of responsiveness. To quantify the effects of sustained lip stimulation, the time until criterion for cessation of feeding in the first session was divided into 10 equal intervals. For each animal, we calculated the percentage of the total number of responses that occurred during each interval. No significant difference was found in the percentage of Effects of nerve sectioning on sustained lip stimulation These data are consistent with the hypothesis that the decline in responsiveness after sectioning of the esophageal nerves is caused by the same processes that led to response decrement with sustained lip stimulation, since time to criterion and pattern were similar under both conditions. If this hypothesis is correct, one would expect that bilateral esophageal nerve sectioning would not affect the decrement due to sustained lip stimulation. The data presented in this section support this hypothesis.
Pattern of response decrement
The esophageal nerves of six A. fasciata were bilaterally cut. A week after surgery these animals were stimulated with netted Ulva on 2 consecutive days; the food was withdrawn when the animals responded, preventing food entry into the buccal cavity. On both days, the procedure was continued until animals stopped responding to food (criterion was one response in a 3 min period). Animals were run in a blind procedure along with five sham-operated controls.
Time to criterion and memory Figure 8 shows the time to criterion of response decrement on the first and second days in these animals. No significant difference was found between the four groups (F = 0.14, df = 3,18; one-way analysis of variance). Time to criterion in all cases was similar to that observed in intact A. fasciata undergoing the same procedure (Fig. 6 ). These data indicate that time to criterion and memory are not affected by sectioning of the esophageal nerves when decrement is the result of sustained lip stimulation.
Pattern of response decrement To examine whether the response rate pattern is affected by esophageal nerve sectioning, the time to criterion on the first training day was divided into 10 equal periods and the per- centage of feeding responses occuring in each was measured for all nerve-sectioned and sham-operated animals. Figure 9 shows the feeding response rates during the sessions in which the animals were exposed to food that did not enter the buccal cavity.
Two-way analysis ofvariance shows that there was no significant difference in response rate during sustained lip stimulation between sham-operated and nerve-sectioned animals; as in unoperated animals (Schwarz et al., 1986) feeding response rate was unchanged until the criterion for cessation of response was reached (F = 1.37, df= 9,90 for variability between tenths to criterion; F = 0.02, df = 1,90 for variability between nervesectioned and control animals; two-way analysis of variance). These data indicate that the response pattern is unchanged by cutting the esophageal nerves.
Anatomy of the esophageal nerves and effects of partial nerve section The esophageal nerves carry information to and from the gut and the CNS, specifically the buccal ganglia. As an initial step in exploring the nature of the information carried by the nerves that affect learning, the anatomy of the nerves was investigated. Subsequently, specific branches of the nerve were sectioned to determine the inputs needed for learning that food is inedible.
Anatomy of the esophageal nerve
The anatomy of the anterior portion of the esophageal nerve is illustrated in Figure 10 . The nerve bifurcates very soon after it leaves the buccal ganglion. One branch, the posterior division (MacFarland, 1909), can be traced down the length of the crop (the anterior portion of the gut) and into the anterior gizzard. The nerve periodically sends off small branches that anastomose and form a complex nerve net surrounding the crop. Peripheral cells, which appear to be neurons, are frequently found at branch points. Some of the more anterior branches of the posterior division turn anteriorly and travel toward the buccal mass. The other major branch of the esophageal nerve, the anterior division (MacFarland, 1909 ) branches off at a sharp angle from the posterior division and runs laterally. Branches of the anterior division were observed running to the salivary gland and buccal mass, and down the crop. In addition, connections between the anterior division and buccal nerve one (Gardner, 1977) were occasionally observed. Peripheral cells were also frequently found on branch points of this nerve. Some peripheral cells were consistently found at the same location. Two particularly large cells were observed on a branch of the anterior division that runs to the salivary gland.
Partial nerve section Experiments were performed to determine whether information necessary for learning that food is inedible is carried exclusively by either the right or left esophageal nerve, or by its anterior or posterior divisions. Anterior versus posterior division lesions. To determine whether effects of lesions are due to separation from the CNS of either the anterior or posterior divisions of the esophageal nerves alone, the anterior division was bilaterally cut in six A. fasciata and the posterior division in seven. One week after surgery, animals were trained with inedible netted Ulva in a blind procedure with sham-operated animals run as controls. Figure 11 shows that time to criterion was not significantly increased by either procedure (p > 0.25, F = 1.16, df = 4,22; one-way analysis of variance between all treatments shown in Fig. 11 ). These data indicate that both major divisions of the esophageal nerves carry information that is sufficient to produce reinforcement. Unilateral lesions. In four A. fasciata, the right esophageal nerve was unilaterally sectioned, and in five, the left nerve was lesioned. One week later, animals were trained with inedible netted Viva, and time to criterion was measured. Sham-operated animals were run along with experimentals in a blind procedure. Figure 11 shows that time to criterion in animals with unilaterally sectioned esophageal nerve was not significantly different from that of sham-operated controls (p > 0.25, F( 1.16), df = 4 and 24; one-way analysis of variance). Although the effect was not significant, sectioning of the left nerve appeared to decrease time to criterion, rather than increase it. The reason for this is not known, but it could reflect the fact that sectioning cuts off a source of tonic facilitation of feeding in the gut. Previous data have shown that gut inputs facilitate feeding.
Discussion
The esophageal nerves carry information to and from the gut and the CNS, specifically the buccal ganglia. The data presented above indicate that some information carried by this nerve is essential in signaling the reinforcing consequences of feeding. The decreased responsiveness to inedible food that occurs after these nerves are cut can be entirely accounted for by the decrement due to sustained lip stimulation, which is itself unaffected by sectioning the esophageal nerves. Both major branches of the bilateral esophageal nerves apparently carry inputs for reinforcement.
The esophageal nerve is a compound nerve subserving many functions, both sensory and motor. The nature of the information for reinforcement could be related to any of the tasks performed by afferents or efferents in the nerve.
Sensory effects of the esophageal nerve Filling the crop with food or non-nutritive bulk produces stimulus-graded satiation as a result of passive stretching of the gut (Susswein and Kupfermann, 1975a, b; Susswein et al., 1976) . Bilaterally sectioning the esophageal nerves abolishes satiation (B. Kuslansky, K. R. Weiss and I. Kupfermann, personal communication) . Successful eating of small quantities of food produces excitation of feeding, as measured by an increased duration of food arousal, probably caused by activation of gut chemoreceptors . Gut afferents also modulate feeding in other gastropods. Satiation has been demonstrated in Pleurobranchaea (Davis et al., 1977) Limax (Reingold and Gelperin, 1980) Ariolimax (Senseman, 1978) and Navanax (Susswein and Bennett, 1979) . Facilitation of feeding by gut inputs has been observed in Philine, where esophageal proprioceptors excite elements responsible for generating the feeding pattern (Dorsett and Sigger, 198 1; Sigger and Dorsett, 198 1) . In Pleurobranchaea, stimulation of the stomatogastric nerve innervating the gut drives patterned motor output resembling that occurring during ingestion (Croll and Davis, 1982) and egestion of food (Croll and Davis, 1982; McClellan, 1982) . In Navanax, entry of food into the esophagus causes animals to maintain suction on the prey (Susswein and Bennett, 1979) .
Motor effects of the esophageal nerve In Aplysia, bilateral sectioning of the esophageal nerves causes a relaxation of the esophageal sphincter, allowing reflux of food from the crop back into the buccal cavity (Susswein, 1975 Figure 8 . Time to criterion on cessation of response to food on 2 consecutive days when netted Ulva was touched to the external lips and withdrawn when the animal responsed. Cessation was likely to be due to adaptation or habituation. Data are for animals in which the esophageal nerves were bilaterally cut (right) and for sham-operated controls (left). Number of animals in each group (N) and SE bars are shown. cation). The nerve also contains large quantities of the peptide SCPb, which modulates the buccal musculature (Lloyd et al., 1984) . In other gastropods, peripheral cells similar to those in the esophageal nerve of Aplysia innervate the salivary gland (Barber, 1983; Gorman and Mirolli, 1969) .
The data presented above, along with that in the previous paper (Susswein et al., 1986) , can be explained by the model presented in Figure 12 . The model is an attempt to explain how learning that food is inedible may be related to other phenomena that result in inhibition of feeding, such as sustained lip stimulation, and how learning that food is edible is related to learning that it is inedible.
Afferents that sense food stimuli are presented as exciting pattern generators for various movements. The afferents (Foods A and B) are at least one synapse into the CNS, since both mechanical and chemical stimuli determine their specificity. Two pattern generators organize feeding movements: They are labeled as producing effective and ineffective responses, since the nature of the movements they produce has not been conclusively determined. Effective feeding responses are likely to be bites (Kupfermann, 1974a) , but the possibility exists that some effective responses represent movements that have not yet been characterized. Some ineffective movements are undoubtedly rejection responses that actively push food away from the mouth (Kupfermann, 1974a) ; often the push is felt (Susswein et al., 1986) . However, many responses are ineffective for other reasons. Some ineffective responses may be swallows, which are effective in pushing food from the buccal cavity into the gut, but are ineffective in leading to food entry into the buccal cavity. This hypothesis is consistent with the observation that swallow rate increases when animals learn that food is inedible (Susswein , 1986) . Pattern generators for effective and ineffective responses are presented as being mutually inhibitory. Motoneurons driven by pattern generators are in part common, in part unique. The likelihood that a pattern generator will be active is increased by excitatory lip inputs. Initially effective responses predominate, since input is stronger, or excitability is higher. In addition to exciting pattern generators for feeding movements, lip afferents also excite an arousal system for feeding and other behaviors (Weiss et al., 198 l) , as well as pattern generators for various head and foot movements (Kupfermann, 1974a) . The output of the arousal system can be monitored by recording from the metacerebral cell (MCC) (Kupfermann and Weiss, 1982) FOCO A et al., 1978) ; the arousal system also affects other behaviors (Weiss et al., 198 1) by means that are, at present, unknown.
The model postulates that successful food consumption facilitates afferents onto the pattern generator for effective responses, and failed attempts to consume food facilitate afferents onto the pattern generator for ineffective responses. Training an animal that a food is edible or inedible differentially regulates the output of a sensory channel to a particular feeding pattern generator, but does not affect outputs of a sensory channel to other pattern generators or to the arousal system. This aspect of the model explains changes in motor patterning that occur when Aplysiu learn that foods are edible or inedible, and also explains why animals remain aroused after learning that food is inedible (Susswein et al., 1986) . If facilitation of neither pattern generator occurs, either because the facilitatory inputs are removed by sectioning the esophageal nerves or because food does not enter the buccal cavity, sensory adaptation, habituation, or other processes initiated by sustained lip stimulation result in decreased responsiveness. Inhibition due to sustained lip stimulation produces a decrease in outputs to all pattern generators and to the arousal system. This aspect of the model leads one to expect that inhibition of feeding with sustained lip input should produce motor effects differing from those of inhibition due to learning, should be stimulus-specific, and should produce a decrease in the arousal level. All these expectations have been verified (Figs. 3, 7 ; also M. Schwarz, S. Markovich, and A. J. Susswein, unpublished observations). Data presented elsewhere also indicate that satiation directly inhibits feeding motor systems (M. Schwarz, S. Markovich, and A. J. Susswein, unpublished observations), this is also shown in Figure 12 .
The most parsimonious explanation for specificity to pairing is that simultaneous activation of an input pathway and a fa- cilitatory pathway produces more effective facilitation than does nonsimultaneous activation. Cellular and molecular mechanisms for pairing-specific facilitation may be similar to those that occur in pairing-specific facilitation of gill and tail withdrawal Hawkins et al., 1983; Kandel and Schwartz, 1982; Walters and Byrne, 1983) . Nonpaired activation of the facilitatory pathway will produce arousal-like effects that are likely to be much smaller than those due to pairing. Arousal of feeding after successful food consumption has been demonstrated . After successful feeding, behavior is terminated by satiation or by inhibition resulting from sustained lip stimulation. Time to criterion and pattern in Aplysiu fed edible netted foods (Susswein et al., 1986) are consistent with the hypothesis that feeding is terminated by sustained lip stimulation. Behavior is terminated after unsuccessful feeding because ineffective responses are self-limiting, and at some point such movements cease. I. Kupfermann (personal communication) has 'obtained evidence that rejection of nonfood objects placed in the buccal cavity is a self-terminating process.
The model suggests that differential regulation of different branches of a sensory channel may underlie the choice between different (or even opposite) motor tasks at different times. Clark and Kandel (1984) have recently demonstrated differential facilitation of different branches of a sensory cell in the gill and siphon withdrawal system of Aplysia.
The model can account for some features of instrumental learning in higher animals by postulating that pattern-generating elements for various movements receive multimodal inputs, and that reinforcement changes the likelihood that a specific input will fire a pattern generator. Previous studies have indicated that sensory inputs initiate multiple, often opposite processes (Groves and Thompson, 1970; Hurvich and Jameson, 1957; Solomon and Corbit, 1974) . Expression of a process at a particular time is a consequence of the modulation of behavior by experiential or motivational variables (Groves and Thompson, 1970; Solomon and Corbit, 1974) . Research on mammals has also indicated that aversive stimuli, such as failed swallowing, produce inhibition indirectly by initiating competing behaviors (Bolles, 1967; Crawford and Masterson, 1982; Masterson and Crawford, 1982) .
The proposed model makes a number of explicit, testable predictions about neural circuits and mechanisms that produce learning and other forms of modulation of feeding in Aplysia. These predictions can be directly verified in future cellular studies.
